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Abstract
We compare the predictions of the SuperScaling model for charged current quasielastic muonic
neutrino and antineutrino scattering from 12C with experimental data spanning an energy range
up to 100 GeV. We discuss the sensitivity of the results to different parametrizations of the nucleon
vector and axial-vector form factors. Finally, we show the differences between electron and muon
(anti-) neutrino cross sections relevant for the νSTORM facility.
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I. INTRODUCTION
Charged-current (CC) quasielastic (QE) muonic neutrino and antineutrino cross sections
on a 12C target have been recently measured by the MiniBooNE collaboration at Fermi-
lab [1, 2] for neutrino energies in the 1 GeV region, the neutrino and antineutrino fluxes
peaking at 0.79 GeV and 0.66 GeV, respectively, and going from 0 to about 7 GeV with
the most important contributions coming from below 3 GeV. The results have stimulated
many theoretical studies [3–15] that attempt to explain the discrepancy between the data
and traditional nuclear models; these include the Relativistic Fermi Gas (RFG) model, RPA
calculations, the use of realistic spectral functions, relativistic Green’s function approaches
and relativistic mean field theory.
An empirical solution to this puzzle, proposed by the MiniBooNE collaboration, advocates
a value of the nucleon axial-vector dipole mass MA ≃ 1.35 GeV/c
2 [1], which is significantly
larger than the standard valueMA =1.032 GeV/c
2. On the other hand microscopic explana-
tions based on multi-nucleon excitations, in particular two-particle emission, were proposed
in [3, 4, 7, 13]. Those of [7, 13], although rather different in their basic ingredients, have
been shown to give very good agreement with the MiniBooNE data, while those of [3, 4],
which are based on the exact relativistic evaluation of the Meson Exchange Currents (MEC)
within the 2p2h RFG approach, provide an enhancement of the cross sections but do not
fully account for the discrepancy. It should be stressed that a consistent evaluation of the
MEC contribution is technically hard to achieve and an exact relativistic gauge invariant
calculation of both vector and axial-vector contributions to MEC in neutrino scattering is
not yet available.
On the other hand, CCQE νµ− and ν¯µ−
12C cross section measurements from the NO-
MAD collaboration [16] for higher beam energies, going from 3 to 100 GeV, do not call for
an anomalously large axial-vector mass and do not appear to match with the lower-energy
MiniBooNE results, as shown in Fig. 1 where the two sets of data are displayed. It should
also be mentioned that recent data on CCQE νµ− and ν¯µ−
12C from the MINERνA Collab-
oration [17, 18] are claimed to disfavor the value MA ≃ 1.35 GeV/c
2. It is thus desirable
to perform a consistent theoretical analysis of the cross sections in the entire 0-100 GeV
energy range, using a nuclear model which can be applied up to very high energies. Such
a model must obviously fulfill two basic requirements: it has to be relativistic and it must
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successfully describe QE electron scattering data from intermediate up to very high energies.
The SuperScaling (SuSA) model, based on the superscaling function extracted from QE
electron scattering data, does a reasonable job of satisfying both of the above requirements:
it is fully relativistic and has been constructed using those data as input. On the one hand, its
applicability may be questioned at very low energies (meaning by that, momentum transfers
q ≤ 400 MeV/c and energy transfers ω ≤ 50 MeV), where collective effects which violate
scaling dominate. In discussing the results found (see below) we shall return to comment
on this issue. On the other hand the SuSA approach can be safely extended up to very high
energies, since it is based on (e, e′) data in a range going from intermediate to high energies
and momentum transfers [19–22].
In summary, the model gives a very good representation of all existing QE electron scat-
tering data for high enough momentum and energy transfers, to the extent that quasielastic
scattering can be isolated. Additionally, the same scaling approach has been shown to be
very successful when extended to higher energies into the non-QE regime where inelastic
contributions dominate [23]. However, it does not account for the typically 10−20% scaling
violations that occur mainly in the transverse channel and are associated with non-impulsive
processes induced by two-body meson-exchange currents (MEC) (see [24–27]). These should
therefore be added to obtain a representation of all of the contributions to the inclusive cross
section in the relevant kinematical regions. While these have been included in our past stud-
ies of the differential neutrino cross sections, where one can be sure that the momentum and
energy transfers are sufficiently large that the modeling is robust, in this paper we neglect
such contributions since, as discussed below, the low-q/low-ω region is important for the
total cross section. We are not confident of the validity of the present 2p2h MEC model in
this kinematic region — work is in progress to correct this deficiency.
The SuSA model has been extensively described in previous work (see, e.g., [28]). In this
paper we only summarize the basic ideas and focus on applying them to CCQE (anti)neutrino
scattering from 12C, comparing the results with the MiniBooNE and NOMAD data. We
also study the sensitivity of the cross section to different up-to-date parametrizations of the
nucleon form factors entering the cross section, GE, GM and GA, studying in particular the
effects of a monopole parametrization for the axial-vector form factor. Finally, we present
the SuSA predictions for electron neutrino and antineutrino cross sections, with particular
reference to the νSTORM kinematical conditions [29].
3
0,1 1 10 100
E
ν
 (GeV)
0
2
4
6
8
10
12
14
16
σ
 
(10
-
39
cm
2 )
RFG, MA=1.03 GeV
SuSA
<SuSA>{ω>50 MeV}
MiniBooNE
NOMAD
FIG. 1: (Color online) CCQE νµ−
12C cross section per nucleon displayed versus neutrino energy
Eν and evaluated using the SuSA model (brown band) with the standard value of the axial-vector
dipole mass MA = 1.032 GeV/c
2. Results are also shown for the RFG model with MA = 1.032
GeV/c2 (blue solid curve) and compared with the MiniBooNE [1] and NOMAD [16] experimental
data. Also presented for reference are the results for SuSA excluding all contributions coming from
transferred energies below 50 MeV (dot-dashed curve).
II. RESULTS
The SuSA approach to neutrino scattering is based on the idea of using electron scattering
data to predict CC neutrino cross sections. The model was proposed in [28], where it is
presented in detail. In summary, a phenomenological superscaling function, extracted from
QE (e, e′) data within a fully relativistic framework and embodying the essential nuclear
dynamics, is multiplied by the appropriate charge-changing N → N weak interaction cross
sections in order to obtain the various response functions contributing to the inclusive (νl, l)
cross section, RL, RT and RT ′ , each response being a combination of vector and axial-vector
components.
In Figs. 1 and 2 we compare the MiniBooNE and NOMAD QE data on 12C for νµ and νµ
scattering, respectively, with the results of the RFG and SuSA models using the standard
value MA=1.032 GeV/c
2 for the nucleon axial-vector dipole mass. The SuSA results are
represented by a narrow band, corresponding to the uncertainty linked to the use of two fits
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FIG. 2: (Color online) As for Fig.1, but now for νµ−
12C scattering. The MiniBooNE data are
from [2].
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FIG. 3: (Color online) Separated contributions in the SuSA model.
of the phenomenological scaling function [20–22, 28]. We observe that if the standard axial-
vector mass is used the two models underestimate the MiniBooNE data for both neutrino
and antineutrino scattering while they are both quite compatible with the NOMAD data.
In Fig. 3 we show the breakdown of the neutrino and anti-neutrino cross sections into
individual L, T and T ′ contributions, with the last occurring as a positive (constructive)
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FIG. 4: (Color online) CCQE νµ−
12C cross section per nucleon evaluated in the SuSA model for
various parametrizations of the nucleon electromagnetic form factors.
term in the neutrino cross section and a negative (destructive) term in the antineutrino cross
section. Upon examining the results displayed in Figs. 1 and 2 we note that were this V A
interference to be a bit larger, for instance via inclusion of contributions that go beyond the
impulse approximation (see above), then better agreement with the neutrino data in the
region of the MiniBooNE kinematics could be obtained, since this is where that term peaks,
while the agreement with the antineutrino data would be less good.
We also show in Figs. 1 and 2 a line that represents the cross section computed with the
SuSA model but where we have excluded all contributions coming from excitation energies
below 50 MeV to assess the importance of this region in the total cross section. As can be
seen, this region is quite important even for very high neutrino energies (typically amounting
to about 10% of the total). As noted above, the SuSA approach was not formulated to deal
with such low-energy excitations and one might be concerned that the present modeling
is spurious for these contributions. However, an alternative approach was taken long ago
based on the excitation of discrete ph states in the regions up through where giant resonances
dominate [30, 31] and encouragingly the present SuSA model and those old results essentially
agree, giving us confidence that the SuSA approach on the average does a rather good job
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even at such low excitation energies. It should also be mentioned that in [32] the contribution
of the discrete excitations of the final nucleus 12N in CC neutrino scattering from 12C was
evaluated in a semi-relativistic shell model. The contribution from the discrete spectrum
turned out to be below 2% for potential parameters fitted to reproduce the Q-value of the
reaction.
In Figs. 1 and 2 the electromagnetic form factors of the nucleon entering in the vector
CC current are those of the extended Gari-Krumpelmann (GKex) model of [33–35], whose
validity extends over a wide range in the transferred momentum. In Fig. 4 we compare
the SuSA results obtained with several other modern parametrizations of the form factors
GE and GM [36]. In order to appreciate the dependence upon the vector form factors
we do not show the error band in the SuSA result and instead have inserted a sub-panel
zooming in on the region near the maximum. We observe that the uncertainties due to the
electromagnetic nucleon form factors and the ones of the superscaling model are of the same
order. Furthermore, all of the parametrizations are essentially equivalent for the kinematics
that are relevant for these neutrino scattering experiments.
Next we explore the sensitivity of the cross sections to the axial-vector form factor. When
employing a dipole parametrization for this the “standard” value of the axial-vector dipole
mass is MA =1.032 GeV/c
2, whereas in analyzing the MiniBooNE data a large value of
MA =1.35 GeV/c
2 was proposed [1]. The range spanned by these two is shown in Fig. 5 for
neutrino and antineutrino scattering. Clearly the modified axial-vector mass produces an
increase of the cross section that allows one to fit the low-energy data in the RFG model,
although the increase is too large to explain the data at high energy. Although phenomeno-
logically successful, the dipole parametrization cannot be justified from a field-theoretical
point of view [37] and it is well-known that, for instance in vector-meson dominance (VMD)
models, the fact that at moderate momentum transfers the EM magnetic form factors are
roughly dipole-like is a conspiracy involving the (monopole) ρ and ω poles leading to an
effective dipole behaviour (see, for example, the discussions in [35]). Therefore, in addition
to the standard dipole form, we also consider a monopole form GAM(Q
2) = [1 + Q2/˜M2A]
−1
motivated by VMD-based analyses such as those in [33, 34]. Using the monopole axial-vector
masses ˜MA =0.5 GeV/c
2 and ˜MA =1 GeV/c
2 (the range considered in [36]) employing the
SuSA model we obtain the band also shown in Fig. 5. Note that increasing the axial-vector
mass produces an increase of the cross sections with both parametrizations and a monopole
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FIG. 5: (Color online) CCQE νµ−
12C (upper panel) and νµ−
12C (lower panel) cross section per
nucleon evaluated in the SuSA model for monopole (blue outer band) and dipole (red inner band)
parametrizations of the nucleon axial-vector form factor. A larger mass yields a higher cross section.
axial-vector form factor with ˜MA ≃ 1 GeV/c
2 leads to better agreement with both neutrino
and antineutrino MiniBooNE cross sections. On the contrary, the same model overesti-
mates significantly the higher-energy NOMAD data. In fact, the band width linked to the
two ˜MA-values used with the monopole axial-vector form factor is much larger than the
one corresponding to the dipole parametrization. This is in accordance with previous re-
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FIG. 6: (Color online) SuSA predictions for muon- (solid curves) and electron- (dotted curves)
neutrino and antineutrino CCQE cross section per nucleon on 12C.
sults shown within the framework of parity-violating electron scattering [36]. We should
notice that a dipole axial-vector form factor with MA = 1.35 GeV/c
2 (in the SuSA model)
produces a cross section that is slightly lower in the MiniBooNE energy region than that
obtained using ˜MA = 1 GeV/c
2, but gives a “reasonable (or a better)” explanation of the
NOMAD data. On the other hand, ˜MA = 1 GeV/c
2 is probably not a good choice because
the neutrino cross section keeps rising even at high energies. Indeed if one were to accept the
monopole parametrization and fit the NOMAD data one would find that ˜MA = 0.70± 0.06
(0.72 ± 0.14) GeV/c2 for neutrinos (antineutrinos). Old experiments with deuterium bub-
ble chambers also performed fits of the data using a monopole axial form factor, obtaining
˜MA = 0.57 ± 0.05 [38] and ˜MA = 0.54 ± 0.05 [39]. While these studies would suggest that
a dipole axial-vector form factor with the standard value of the dipole mass is preferred,
given the modern interest in a potentially different behaviour, especially at high momentum
transfers, new studies of neutrino disintegration of deuterium would be very valuable in
clarifying this issue.
In Fig. 6 we compare the νe (νe) and νµ (νµ) cross sections in the SuSA model for
the kinematics relevant for the proposed facility νSTORM [29], which will provide high
quality electron neutrino beams in the energy range E < 4 GeV for precise measurements of
neutrino-nucleus cross sections. In particular, this could allow one to study the differences
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FIG. 7: (Color online) Electron/muon neutrino (upper panel) and antineutrino (lower panel) CCQE
cross section on 12C evaluated in the SuSA and RGF models.
between muon and electron neutrino QE cross sections. Although the hadronic interaction
is the same for νµ and νe, the different mass of the outgoing leptons produces a different
energy transfer to the nucleus for the same incident neutrino energy. As seen in Fig. 6, this
results in a small shift for low neutrino energy. For higher energies the small differences
due to the lepton mass tend to disappear, yielding a universal curve, independent of the
neutrino flavour. This is emphasized in Fig. 7, where the ratios between νe and νµ (upper
panel) and νe and νµ (lower panel) cross sections in the SuSA and RFG models, as well as the
double ratio SuSA/RFG, are shown. We note that the different models give the same results
reaching unity for the ratio at energies above 1 GeV. For small energies one expects that
the different nuclear excitation energy involved and the energy-dependence of the nuclear
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response functions will emphasize differences between the two cross sections, or between
either of these and more sophisticated modeling of the low-lying nuclear excitations. A
precise measurement of the cross sections in this region might therefore allow one to extract
new information concerning the electroweak nuclear matrix elements. It should be noted
that the differences between RFG and SuSA in νe/νµ(ν¯e/ν¯µ) (Fig. 7) are caused, at least
partially, by the different theoretical descriptions of the nuclear responses employed in these
models, specifically that the RFG scaling function is bounded and does not extend to large
and small values of the scaling variable.
Finally, we note that the difference between the two cases also to some degree arises not
only via the different kinematics associated with the outgoing lepton mass, but also from
Coulomb corrections, i.e., distortions of the final-state charged lepton wave functions in the
Coulomb field of the nucleus. These are taken into account using the effective momentum
approximation described in [28]. Their effects are found to be negligible in the energy range
considered, becoming important only at neutrino energies below 200 MeV, where the cross
sections are extremely small. Coulomb corrections have been incorporated in all results
shown in Figs. 6 and 7.
III. CONCLUSIONS
In this paper we have shown for the first time how the superscaling (SuSA) model be-
haves after being extended from intermediate to high energies as are relevant for recent
neutrino scattering experiments. Comparisons are also made with the RFG model. Note
that, although the differences between the RFG and SuSA predictions at high energy are
small compared with the experimental error bars, the RFG fails to reproduce the (e, e′)
data, whereas the SuSA model agrees by construction with the electron scattering QE cross
section. Also note that, although the region of low excitation energy plays a significant role
in the total cross section at all energies and consequently either of these models should be
viewed with caution, since they are not well-suited to modeling the details of this region, in
fact from comparisons with discrete-state modeling the SuSA approach does a reasonable
job there when focusing on the total cross sections.
The SuSA model is expected to be robust enough to describe neutrino and antineutrino
quasielastic cross sections in all of the experimentally available kinematic ranges, in the
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present study lacking only the two-body 2p2h MEC contributions that are expected to
increase the cross sections by perhaps 10−15% or so. For the reasons stated above these are
not included in the present work but will be added later once a robust approach to modeling
them in the low-q/low-ω region is in hand.
We have presented results for cross sections for MiniBooNE and NOMAD conditions, and
have shown predictions corresponding to the νSTORM facility kinematics. The SuSA model
has been used to investigate several aspects of the neutrino-nucleus interaction entering into
the cross section, namely the impact from vector and axial-vector nucleon form factors
and the dependence on the lepton flavour. The axial-vector form factor determines the
strength of the axial-vector current matrix elements and crucially depends on the value of
the axial-vector mass parameter. The dependence of the cross section upon this parameter is
significant and yields uncertainties that are bigger than the other uncertainties of the model
for high energies. Additionally, there is the issue of whether the axial-vector form factor
should have a dipole or a monopole nature. Both types of behaviour have been explored in
the present work.
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